Electrically tunable photonic band gap ͑PBG͒ structures hold the potential to become a versatile and compact backbone for optical signal processing. In this letter we report electrical tuning of silicon-based two-dimensional PBG structures infiltrated with liquid crystals. An improved electrode configuration is used to avoid electric field screening by the conductive silicon walls. Electrical tuning using fields well below 1 V / m is demonstrated experimentally using both polarized light microscopy and reflectance PBG measurements. The structures can be operated with any electro-optic materials and lead to fast and efficient modulators, routers, and tunable filters. The ability to manipulate light propagation has reached unprecedented levels thanks to the emergence of photonic band gap ͑PBG͒ structures.
The ability to manipulate light propagation has reached unprecedented levels thanks to the emergence of photonic band gap ͑PBG͒ structures. 1 Many practical applications of PBG structures require their properties to be dynamically changed. In particular, the tuning of semiconductor based PBG structures is required in applications such as optical interconnects and optoelectronic integrated circuits. As a result, tunable semiconductor PBG structures have attracted intense interest over the last several years. [2] [3] [4] [5] Until now, most studies have concentrated on either optical or thermal tuning of the PBG response.
In this letter, we demonstrate electrical tuning of siliconbased two-dimensional ͑2D͒ PBG structures. Changing the optical properties of silicon itself using an electric field cannot be achieved due to its extremely weak electro-optic effect. In this work, to enable modulation, we infiltrate an active electro-optic material inside the air holes of the passive silicon host. In the past, electric field tuning inside semiconductor 2D PBG structures infiltrated with an electro-optic material had not been demonstrated because of electric field screening by the conductive semiconductor host. 3, 6 Electrical tuning had only been demonstrated for one-dimensional porous silicon PBGs containing pores in the 10 nm range, where screening is not an obstacle. 5, 7 We propose and demonstrate an electrode geometry to eliminate electric field screening. To allow for a uniform electric field distribution inside the active material, we provide a parallel current flow through both the pore walls and the active optical material. This is achieved by placing the electrodes in direct contact with the semiconductor. This concept is confirmed by finite element modeling and can be explained in terms of a simple equivalent circuit. 8 PBG structures were fabricated via electrochemical etching of p-type silicon using an HF/DMF electrolyte. 9 To arrange the pores into the PBG array of the desired lattice type and periodicity, the surface of the silicon was prestructured before the electrochemical etching by means of interference lithography followed by ethylene diamine pyrocatechol anisotropic etching. 10, 11 The distance between the pores was 2.5 m and the pore diameter 2 m.
The opaque silicon substrate was removed ͑Fig. 1͒ to allow for transmission measurements parallel to the pore axes using visible light. To form a membrane, the entire surface of the wafer was coated with 700-1000 Å of silicon nitride. Using contact lithography and reactive ion etching, windows for anisotropic etching were defined on the back of the wafer. Anisotropic silicon etching was subsequently used to selectively remove the silicon substrate. A silicon PBG membrane attached on its perimeter to a silicon wafer is shown in Fig. 2͑a͒ . For the PBG measurements in the reflection mode, the porous silicon wafer was cleaved to expose the side of the PBG layer along the ⌫-M direction of the photonic crystal.
Both sides of the samples were coated with aluminum to define two separated electrical contacts ͓Fig. 2͑b͔͒. The pore surface was then treated with an n-methylphenylsiloxane solution to ensure homeotropic alignment of the liquid crystal ͑LC͒ molecules ͑i.e., LCs are perpendicular to pore walls͒. 12 In the last step, LCs were infiltrated inside the pores in the heated state through the use of capillary forces. E7 nematic LC was chosen in this work due to its large birefringence of 0.2. 13 To measure the LC response to the applied electric field, the PBG membranes were investigated using out of plane transmission measurements with a polarized light microscope ͑PLM͒. In this measurement the membrane is placed between two crossed polarizers. contain LCs or if the LC arrangement does not exhibit significant birefringence, the polarization of the propagating light stays unaltered and the transmission is low. In contrast, if the LC configuration is such that the polarization vector of light changes its direction, the transmission through the second polarizer increases.
Due to the surface treatment, the initial orientation of LCs was escaped radial. 12 LC molecules in this state are preferentially oriented perpendicular to the light direction, and thus rotate the polarization of propagating light. This causes a high PLM transmission through the membrane at V ext = 0. When an external voltage is applied across the membrane, the LCs undergo a Frederiks transition into the axial orientation and their directors reorient themselves along the field lines, parallel to the pore axes. 14 The phase transition was observed as an abrupt drop in the transmitted light intensity due to the low LC birefringence in the axial orientation ͑Fig. 3͒. While the switching voltage is relatively high ͑12-13 V͒ because of the thick ͑15 m͒ membrane used in this experiment, the electric field required for the Frederiks transition is only 0.7-0.8 V / m, which is slightly higher than in bulk E7 LCs. 13 The slight increase may be due to the confinement of the LC molecules inside the pores. are much smaller than the wavelength of light, the ordered planes of LCs in the nematic state are large enough to induce significant scattering, 15 suggesting that the PLM curve ͑solid line͒ is a superposition of two effects: first, reduced scattering increases transmission at moderate voltages; second, at the phase transition the rotation of the LCs takes over to abruptly reduce the PLM light intensity. 16 This measurement demonstrates that switching inside high-aspect ratio conductive semiconductor structures is possible.
To study the photonic properties of tunable PBG structures, a Fourier-transform infrared ͑FTIR͒ spectrometer was used to measure reflection in the plane of the PBG layer. Figure 4 shows the shift of the higher-energy TM band edge as a function of applied voltage. This band edge is given by the second photonic band, with its electromagnetic field concentrated inside the LC columns. The band edge shift is due to the LC switching from the escaped radial into the axial orientation, which increases the average LC refractive index for the TM polarized light. In contrast, the lower-energy edge of the first-order band gap, with its electromagnetic field concentrated inside the silicon host, should not change with applied electric field. Our experimental results show that indeed the low energy edge did not change within the experimental error. While the voltage required to initiate the LC phase transition was higher because a thicker PBG layer was used, the electric field required for the transition was similar to that in the PLM experiment.
To summarize, in this letter we demonstrate electrical tuning of semiconductor-based 2D PBG structures. The tuning was achieved using LCs infiltrated inside the passive silicon PBG host and an electrode configuration that avoids electric field screening. The measured switching fields show that respective metal-oxide-semiconductor-compatible micrometer-sized integrated devices can operate at voltages as low as 0.5-1 V.
